Abstract: A six-dimensional potential energy surface based on CCSD(T)/cc--pCVQZ ab initio energy points was developed for HNCO in the 1 A′ ground electronic state and used to calculate rotation-vibration energy levels for J ≤ 5. The barrier to linearity was computed to be 1834 cm -1 for the angle HNC and 336 cm -1 for the angle NCO. The fundamental transitions were obtained for the main form and four isotopic variants of HNCO. The state mixing ν 3 /2ν 6 was identified with the help of an adiabatic projection scheme.
INTRODUCTION
The rovibrational motion of molecules is commonly rationalized applying linear-molecule or bent-molecule formalism. In the bent-linear transition, the rotational degree of freedom of a bent molecule, describing the orbiting about the molecular z-axis, is transformed into a vibrational degree of freedom of a linear molecule. Isocyanic acid, HNCO, is an example for molecules falling between the two limiting cases of typical linear and typical bent molecules, which are commonly termed quasilinear. 1 The intriguing vibrational and rovibrational spectroscopy of HNCO, resulting from the molecule's quasilinearity, is of fundamental interest in molecular physics. 1 The infrared spectrum of HNCO was first measured in 1950 by Herzberg and Reid in low resolution. 2 Since then, HNCO has been studied at high spectral resolution in the gas phase in the infrared, far-infrared, microwave, and millimeter wave regions. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The substitution r s structure, derived under the planarity constraint from detailed microwave data of isotopically substituted HNCO, indicated that the molecule has a bent planar structure in a trans configuration with an almost linear NCO moiety having a valence angle of 172°. 7, 17 The barrier to complete linearity of about 1900 cm -1 was deduced from a semi-846 MLADENOVIĆ -rigid bender analysis. 18 Under such circumstances, the HNC bending vibration is expected to execute a large amplitude motion at low excitations. In excited bending states, linear arrangements in which strong inter-mode coupling and sizeable coupling to rotation govern the internal dynamics of HNCO were explored. Various kinds of Coriolis interactions were used in effective spectroscopic models for explaining the measured rotation-vibration spectra, complicated by unusually large centrifugal distortion and prominent Coriolis coupling. 5 In the interstellar medium, HNCO was first detected in 1972 by Snyder and Buhl in Sgr B2. 19 Interstellar deuterated isocyanic acid, DNCO, was identified only recently in an ALMA unbiased spectral survey. 20 HNCO is a constituent of most molecular clouds and a potentially valuable probe of the densest regions. 21 In view of this, isotopic variants of HNCO become interesting for radioastronomy.
Our own interest in isocyanic acid was motivated by a desire to understand the key rotation-vibration spectroscopic features of the molecule from the theoretical point of view. To describe properly the quasilinear behavior of HNCO, an analytical six-dimensional potential energy surface (PES) is required in combination with full-dimensional rotation-vibration calculations involving no dynamical approximations. To the best of our knowledge, only two theoretical studies reported a PES for HNCO. The MP2 study of Pinnavaia et al. 22 was, however, in rather poor agreement with experimental results. East et al. 23 developed a quartic force field (QFF), refined by adjusting the quadratic force constants to experimentally derived fundamental frequencies, and used the QFF to obtain the spectroscopic properties of HNCO and DNCO by means of the second-order perturbation theory. Serious limitations of QFF representations, as discussed before, 24 prevent their use in combination with variational approaches. A mandatory initial step of the present work was, therefore, the development of a new physically justified PES for HNCO. In the construction of the PES, information previously gathered in detailed studies of structural, spectroscopic, electric, and magnetic properties of the CHNO isomer family, carried out by means of large-scale electronic structure calculations, was relied on. [25] [26] [27] In this work, all rotation-vibration calculations were performed using the atomic masses. In the chemical formulas, the isotope information is provided only when the isotope is not the most abundant.
RESULTS AND DISCUSSION

Potential energy surface
The six-dimensional potential energy surface for the 1 A′ ground electronic state of HNCO was scanned by means of the coupled-cluster CCSD(T) method with full iterative treatment of single and double excitations and a perturbative correction for triple substitutions. Dunning's correlation consistent polarized 847 core-valence quadruple zeta (cc-pCVQZ) basis set was used, including all electrons in the correlation treatment. All calculations were realized with the Molpro quantum chemistry program package. 28 The nuclear coordinate space was parameterized in terms of the bond-distance-bond-angle coordinates, described for HNCO by three bond lengths (r 1 , r 2 and r 3 ), two in-plane bending angles (α and β), and one dihedral angle, τ, schematically shown in Fig. 1 . In total, 948 ab initio points were computed. 
Analytical representation of the potential energy surface
The potential energy ab initio data were fitted to the six-dimensional analytical expression of the form:
The modified Morse coordinates s i are used for the radial part, where
for i = 1-3. The angular part of V is given by a multipole-like expansion, involving associated Legendre functions P ℓ n (x α ) and P m n (x β ) with ℓ,m ≥ n, where x α = cos α and x β = cos β. For the final fitting, a weight of a i th data point of energy E i was set to 1/(E i + 2000 cm -1 ), as previously done. 29 All parameters smaller than one and two times their standard deviation and most of the parameters smaller than three times their standard deviation were eliminated in repeated fitting cycles. In this fashion, a functional six-dimensional expansion consisting of 133 terms was obtained. The standard deviation of the weighted 133-term representation was 3.2 cm -1 . The expansion coefficients C ijkℓmn are summarized in Table I . The zero of the energy scale is defined as the energy of the minimum, obtained at -168.658308 E h in electronic structure computations. 
Topography of the potential energy surface
The two-dimensional maps of the six-dimensional CCSD(T)/cc-pCVQZ PES are displayed in Fig. 2 .
The maps in Fig. 2 were computed by freezing the remaining four coordinates at their equilibrium values. The contour plots (τ,α) and (τ,β) involving the dihedral angle τ clearly show that HNCO is a planar molecule possessing only a trans minimum. The most prominent coupling seen in Fig. 2 is between the HNC bending angle α and the NC bond length r 2 . Fig. 2 also displays the variation of the internal coordinate on the y-axis along the minimum energy path (MEP) in the direction of the coordinate shown on the x-axis (red lines). The MEP along τ was computed by minimizing V with respect to the remaining five coordinates, whereas the MEPs for α and β were determined for the planar arrangement with τ = 180°.
The variations of the potential energy along the MEPs in the direction of the angles α, β, and τ are depicted in Fig. 3 The optimum triple (r 1 , r 2 , r 3 ) along the α MEP changes from (1.895a 0 , 2.296a 0 , 2.200a 0 ) for α = α e = 123.4° into (1.863a 0 , 2.226a 0 , 2.219a 0 ) for α = 180°, such that the straightening of the HNC bending angle decreases r 1 (HN) and r 2 (NC) by 0.032 and 0.070a 0 , respectively, while r 3 (CO) increases by 0.019a 0 .
The torsional MEP assumes a constant value of 336 cm -1 for τ ≤ 90°. The optimum "hockey-stick" structure for a strictly linear heavy atom NCO skeleton is given by (1.895a 0 , 2.291a 0 , 2.201a 0 ) and α = 122.9°. This configuration is only marginally changed relative to the equilibrium.
Rovibrational state calculations
The rovibrational calculations were realized by means of the DVR(+R)+ +FBR approach, which is designed for the body-fixed formulation of the kinetic energy operator. [29] [30] [31] [32] The orthogonal (diatom+diatom) coordinates (d 1 , d 2 , R, θ 1 , θ 2 , χ), schematically shown in Fig. 4 , were used. 30 The coordinates d 1 The DVR(+R)+FBR approach employs the parity-adapted rotation-angular basis, specified with total rotational angular momentum J and parity p as strictly conserved quantum numbers. The permitted values of the quantum number K of the z-projection of J are K∈[0,J] in the parity-adapted formulation. The quantum number k of the body-fixed projection of the vibrational angular momentum is related to the torsional primary space. The computational strategy uses combined discrete variable and finite basis representations for the angular coordinates (θ 1 , θ 2 , χ) in combination with a discrete Jacobi distance R, eigenfunctions for 
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MLADENOVIĆ tial inclusion of the internal degrees of freedom together with contraction schemes resulting from several diagonalization and truncation steps allows the construction of a final full-dimensional Hamiltonian matrix of relatively modest size. 32 Matrix diagonalizations were performed by conventional dense matrix algorithms to give eigenenergies and eigenfunctions.
The computed rovibrational states were characterized with the help of the adiabatic projection method, which employs zero-order basis functions constructed in the adiabatic R-stretch approximation following the quantum-state character correlation scheme. 32 The stretching states |α), adiabatically separated from the remaining five vibrational modes, were calculated for the i th five-mode state, yielding the zero-order (adiabatic) vectors |α, i; K) for a given K. The adiabatic vectors |α, i; K) were used to calculate the adiabatic expansions of numerically exact wavefunctions |n; J > for a given J as:
This expansion supplies a zero-order origin of the state | n; J > by locating the dominant adiabatic contribution among all |α, i; K).
The rovibrational calculations were performed for J = 0-5 in both parities. In the actual computations, the pointwise representation for the Jacobi distance R included 12 unevenly distributed potential optimized discrete points. The eigenfunction set (n d1 , n d2 ) = (3,6) was used for the coordinates (d 1 , d 2 ) . The maximum value of the projection quantum number k was 8 for J = 0 and 13 for J = 5. The integrals over the dihedral angle were solved by means of the Gauss--Chebyshev quadrature of order 15, whereby χ ∈ (0°,180°). Truncated sets of Gauss-Legendre discrete points were used for the bending angles, keeping only the points θ 1 ∈ (70°,180°) together with θ 2 ∈ (0°,50°). The resulting primary basis included approximately 900,000 functions for J = 0 and 10,000,000 functions for J = 5. The truncation of the primary basis set was made with several cutoff parameters, which are employed at different stages of the calculation. For a given K and J, the size of the vibrational six-dimensional matrix was 8400. The size of the final nine-dimensional rotation-vibration Hamiltonian matrix was 800 and 2400 for J = 1 and 5, respectively. The calculations took about 8 and 150 CPU h for, respectively, J = 0 and J = 5 (single parity) on a single processor (Intel Xeon). The CPU times refer to the calculation of eigenenergies with eigenvectors and to the eigenfunction analysis for a large number of calculated states (up to 700).
Fundamental transitions
The fundamental transitions calculated using the present CCSD(T)/cc-pCVQZ PES for HNCO, DNCO, H 15 NCO, HN 13 
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HN stretch, the antisymmetric NCO stretch, and the symmetric NCO stretch, respectively. The labels ν 4 and ν 5 describe the in-plane bending modes, and ν 6 is the out-of-plane bending mode (the torsion). The torsional transitions were determined from the odd-parity J = 0 computation since the out-of-plane bending mode ν 6 belongs to the A″ irreducible representation of the C s symmetry group, as seen in Table II . The results for ν 1 in Table II agree 33 for DNCO in solid Ar (Ne).
Hitherto, no gas-phase vibrational transitions have been reported for the rare isotopologues of HNCO. Teles et al. 34 
Rotational K excitations
The goodness of the quantum number K of the z-projection of the overall angular momentum J was investigated by evaluating the probabilities (J) P K that the wavefunction takes for a certain K value. For HNCO, the quantum label K is found to be essentially a good quantum number, with (J) P K ≥ 0.98. For a given vibrational state, the energies of the K sublevels are well separated owing to the large rotational A constant. This is seen in Fig. 5 , showing the rotational excitation in the lowest vibrational states for J = 0-5. 
When J′ = J and K′ = K+1, then Δ b (J,K→J,K+1) provides the energy for the rotational Q-branch transition R Q K (J), where the usual notation ΔK ΔJ K is used. The values for Δ b,0 (J,K→J′,K′) obtained using J′ = K′ and J = K are compared in Table III with the experimental sub-band centers reported by Steiner et al. 6 for the singly excited states of ν 4 , ν 5 and ν 6 . The results in Table III 
The stretching ν 3 fundamental
The fundamental ν 3 wavenumber in Table II is 1323.8 cm -1 . This result is in good agreement with the experimental value ν 3 = 1327 cm -1 obtained by Herzberg and Reid 2 from gas-phase infrared spectra and ν 3 = 1322 cm -1 obtained by Brown et al. 16 from photoacoustic Raman spectra.
The calculated rotation-vibration energy levels were characterized with the help of the adiabatic projection method. This analysis led to the identification of ν 3 /2ν 6 mixing. For the states 2ν 6 was employed in Eqs. (6) and (7), with |0,4;0) and |1,0;0) denoting the adiabatic 2ν 6 and ν 3 states with K = 0, respectively. The two-component expansions of Eqs. (6) and (7) provide more than 80 % of the respective full-dimensional wavefunctions. The adiabatic states |1,0;0) and |0,4;0) contribute with respectively 43 and 39 % to | ν 3 > and with 36 and 48 % to | 2ν 6 >. The ν 3 /2ν 6 mixing was found in all isotopic variants of HNCO studied herein. For the low-lying vibrational states of HNCO, the full-dimensional energies E (J,p) computed for J = 0 and both parities (p = 0 and p = 1) are compared in Fig.   6 with energies ε R (J,p) obtained using a single discrete point R = 3.608a 0 . The levels E (0,p) , obtained upon inclusion of the coordinate R, are above ε R (0,p) for all the states shown in Fig. 6 , except for 2ν 6 . In the case of 2ν 6 , the level E (0,0) at 1261 cm -1 is 11 cm -1 below ε R (0,0) at 1272 cm -1 . Due to the mixing of the zero--order states |0,4;0) and |1,0;0), the upper of the two levels is pushed higher up in energy. This provides the key line of argument for assigning ν 3 to the state at 1324 cm -1 in Table II . The level ν 5 + ν 6 at 1268 cm -1 is seen between 2ν 6 and ν 3 in Fig. 6 . For reasons of symmetry, ν 5 + ν 6 does not interact with 2ν 6 and ν 3 for J = 0. In rotationally excited HNCO with J ≠ 0, three levels are found to interact via Coriolis coupling. More details on these results will be discussed elsewhere, along with the results regarding the rotational behavior of the stretching ν 1 and ν 2 vibrations.
CONCLUSIONS
This work presents quantum mechanical calculations for HNCO performed with the DVR(+R)+FBR method using a new ab initio CCSD(T)-cc-pCVQZ pot-ential energy surface. The rovibrational energy levels were computed and analyzed for total rotational angular momentum J ≤ 5 in both parities. Resonance interaction of the ν 3 stretching mode with 2ν 6 occurs in all five isotopic variants of HNCO studied herein.
The potential energy surface developed in this work captures the main quasilinear features of the HNCO molecule. Since the barrier to complete linearity can be overcome with moderate vibrational energies in HNCO, it is now important to examine how the level pattern changes with energy. Recognition of different energy level patterns in different energy regions, such as in isomerizing linear triatomic molecules, 36 is important for understanding the details of the underlying physics. Work along these lines is proceeding.
